This paper discusses a reliability based optimisation modelling approach demonstrated for the design of a SiP structure integrated by stacking dies one upon the other. In this investigation the focus is on the strategy for handling the uncertainties in the package design inputs and their implementation into the design optimisation modelling framework. The analysis of thermo-mechanical behaviour of the package is utilised to predict the fatigue life-time of the lead-free board level solder interconnects and warpage of the package under thermal cycling. The SiP characterisation is obtained through the exploitation of Reduced Order Models (ROM) constructed using high fidelity analysis and Design of Experiments (DoE) methods. The design task is to identify the optimal SiP design specification by varying several package input parameters so that a specified target reliability of the solder joints is achieved and in the same time design requirements and package performance criteria are met.
Introduction
System-in-Package (SiP) technology was developed to provide fully functional electronic systems and subsystems that integrate several functionally different devices (like IC-and RF-chips) and optical, MEMS, sensor and other components into a single package. The 3D micro integration design concept of the SiP structures and the increased package complexity/functionality combined with shorter times allowed for the design cycles is resulting in a decreased knowledge about the performance and the reliability of these electronic modules [1] . A major challenge is to understand the risks for failure and the associated failure modes, and to qualify the package from a reliability stand of point. Another aspect of the SiP design challenge is to assess and take into account the thermal, mechanical and electrical behaviour of a particular SiP module so that the structure can be optimised before it is actually manufactured. Unfortunately, there is little design knowledge and experience about SiP, with the options for real testing that can aid the design for manufacture being also limited.
Simulation based optimisation for virtual design prototyping of various electronic packages and manufacturing processes has proven as an effective approach for process characterisation and product development at the early design stages [2] [3] [4] . Computational modelling and simulation approach that exploits numerical analysis tools and methods (such as Finite Element Analysis or reduced order models) integrated with optimisation techniques can aid the identification of the optimal design/process specification and the formulation of design rules for optimal performance/reliability of the developed SiP structures. The virtual design optimisation approach is a strategy that can deliver the deterministic optimal package design based on the variation of a number of input parameters so that imposed constraints and design requirements are satisfied.
However, in reality such optimal package design, from deterministic point of view, may be far from a reliable and safe design solution. The reason for this is that the design of a real system, including the design of a SiP structure, often includes parameters that have uncertainties associated with them. This is a result of the natural variations that exist in the manufacturing and/or operational process parameters (e.g. operational temperature, humidity, etc), the tolerances in the dimensions of the manufactured structures, the physical properties of the materials, etc. It is very difficult and often impossible to control such existing variations. These tolerances and variations of the input design parameters may have significant impact on the system behaviour and can lead to variations and scatter of the response parameters that define the target requirements for performance and reliability. Therefore, the uncertainties in the responses/behaviour of the deterministic optimal design can result in performance that violates the specified requirements and reliability criteria. In order to ensure reliability of the designed system the uncertainties associated with the input parameters must be taken into account and brought into the modelling framework so that the optimal solution always meets the design constraints despite of the existing variations in the system/process response parameters.
Three key aspects are emphasised and discussed in the paper: (1) thermo-mechanical life-time assessment of the lead-free (SAC) SiP interconnects and warpage of the package using finite element analysis, (2) modelling of the uncertainties of the SiP design inputs and responses, and (3) optimal SiP design identification through reliability-driven numerical optimisation. The optimisation modelling incorporates the development of Reduced Order Models (ROM) for fast evaluation and assessment of the SiP thermo-mechanical response parameters. The ROM are developed using the results from high fidelity analysis (Finite Element Analysis) conducted for limited number of experimental SiP design configurations and the relevant response surface modelling.
SiP Structure and Design Parameters

Geometric Details
The structure under investigation is a stacked dies SiP. The active die is flipped onto the passive die. The board level solder joints are designed in two peripheral rows along each side of the passive die and are located on the same side of the passive die where the active die is placed. The external row ofjoints is 1 lxiI and the second row had 9x9 configuration pattern. The pitch size used to distribute the solder joints is 0.5 mm. Figure 1 illustrates the SiP. This SiP component is then placed on a printed circuit board (PCB). To improve the thermo-mechanical reliability of the board level solder joints, underfill material is used to fill the gap between the PCB and the passive die. Because any of these design parameters can be changed within the specified lower and upper bounds, we call them design variables. The bounds which define the variation limits for each of the three design variables are specified in the third column of [5, 6] . The cycling stresses are result of the coefficient of thermal expansion miss-match between the materials used in the package. The inelastic strain rate of the solder material is modelled in this study using the widely accepted sinh constitutive law. The inelastic strain rate sicr using sinh expression is given as cr = A(sinh(ajY-,ff)) expR where R is the gas constant, T is the temperature in Kelvin, oeff is the effective (Von Mises) stress, and all other symbols represent material properties. For Sn3.9AgO.6Cu solder alloy the creep constants are taken from Schubert et al [7] and have the following values: A = 277984 s-', a = 0.02447 MPa', n = 6.41 and Q= 6500R .
To enhance the overall reliability of the SiP structure, an underfill material is utilized. [8] .
The software package PHYSICA [9] is used to model and predict the evolution of thermal stresses and strains in this SiP package during a thermal cycle. Figure 3 illustrates the contours of the inelastic work density across the solder joints associated with the 1 The non-linear FEA provides us also with predictions for the deformations across the SiP assembly. A response of interest is the maximum warpage of the SiP during the thermal cycling. This quantity is defined as the difference between the minimum and maximum out-of-plane deflection of the package and is denoted as D,. It is found that the minimum and maximum out-of-plane displacements are occurring at centre and at the corner of the SiP passive die respectively. The maximum warpage occurs at the highest temperature during the thermal cycle (125°C). Figure 4 illustrates the warpage of the SiP for the initial design (deformation is magnified by factor 50). 
Design of Experiments and Response Surface Modelling for Fast Design Evaluations
The non-linear finite element analysis outlined in the previous section is capable of predicting the SiP responses of interest. This is a compute intense method and often is not suitable for design purposes where many design evaluations will be required during the iterative design optimisation process. However, as it was demonstrated, a finite element analysis has the advantage of predicting with great accuracy the behaviour of the analysed system.
In order to benefit from finite element analysis capabilities in the design process, reduced order models based on Design of Experiments and Response Surfaces can be constructed. These models allow us to undertake fast evaluations of the response of interest for different design specifications [4] .
The optimisation modelling for the SiP structure involves the following steps:
1 The RS models can now be used to evaluate approximately the solder joints life-time and the package warpage for any design point (i.e. for any combination of values for PCB thickness, solder joint stand-off-height and passive die thickness) without running any finite element simulations. These RS models are reduced order models and can substitute the compute intensive finite element analysis as an approach for design evaluation. 
SiP Design Optimisation
If we come back to the SiP structure and the specified design variables which provide flexibility to obtain different specification for the package and the assembly, the question now is what would the optimal design be? In order to identify the optimal design specification, we need to know: 1. What are the design variables we can change in order to have different designs that then can be evaluated. In this study we have already defined the three design variables of interest (HPCB, SOH and HDIE). 2. With respect what aspect/criterion we would like to have an optimal design specification (i.e. which aspect of the SiP we want to optimise). 3. What are the requirements this optimal design must satisfy (e.g. reliability, or any other).
Once the above questions are answered, we can formulate the design task as a mathematical problem and solve it using optimisation techniques.
Deterministic Design Optimisation
For our problem, the following formulation of the design task is given: The design task (4) requires a solution for which the warpage of the package is minimised (4.0) while satisfying the life-time constraint (4.1). The constraint (4.1) states a requirement for the solder joints fatigue mean life to be no less than 2700 cycles. An additional constraint (4.2) is included in the design formulation. It requires the total thickness of the SiP package to be less than or equal to 400 microns. Constraints (4.3)-(4.5) account for the design variable limits.
In the above optimisation task the warpage and lifetime evaluation of different designs during the iterative solution procedure exploits the representative RS models developed for the two responses. No calls to finite element analysis software are performed at this stage. The above optimisation problem is defined and solved using VisualDOC [10] . The optimal solution has been found first by using gradient optimisation numerical techniques [10] . To verify that the found optimal design is the true global optimum, a non-gradient optimisation of the same design task was performed. It confirmed the already identified optimal solution.
Based on the solution of the design task (4), a deterministic optimal solution for the design of the SiP structure has been found. The optimal design results are reported in Table VI . The optimal passive die thickness is 150 ptm (value of the lower bound) and the optimal values for PCB thickness and solder joint stand-off-height are respectively 0.971 mm and 250 pim. Note, at this optimal design specification for the SiP assembly the life-time constraint (4.1) and the SiP thickness constraint (4.2) become both active (i.e. have values equal to the imposed limits and satisfy the constraints as equality). Any effort for further improvement of the objective (4.0), i.e. Dw minimisation, will cause one or both of the constraints to become violated. This would result in a design specification outside the feasible domain of (4.1)-(4.5). 1)-(4.2) given in the formulation of the design problem (4) . Here we will not be concerned if the limit constraints (4.3)-(4.5) are violated as a result of the design variable uncertainty. We are going to assume feasible SiP design specifications at and near the design variable limits. However, there is no limitation to consider and include in the reliable domain formulation all or any of the design variable limit constraints.
In this study we consider variations (uncertainty related) for the design variables which follow and can be described using normal (Gaussian) distribution. Normally the distribution of the probabilistic input design variables is known and can be specified through certain distribution parameters. In this study the distribution is defined by two parameters, the mean value and the standard deviation. The following standard deviations define the distributions that account for the variable uncertainty: a) HPCB: standard deviation GHPCB= 16 ptm; b) SOH: standard deviation GSOH= 2 ptm; c) HDIE: standard deviation GHDIE= 2.5 ptm; Figure 5 shows the probability density function (PDF) for the HPCB scaled design variable with mean value 0 (un-scaled value of 1 mm). It also shows the cumulative density function (CDF) for the same scaled variable. In a similar manner, PDFs and CDFs functions can be considered for the other two design variables. package values will follow a certain distribution profile as a result of the variation. In general, the uncertainty properties of the responses are unknown. Therefore, when uncertaintiesrare included in th design optmisaton task we need to estimate the random properties of the responses. Different methods can be used to obtain this information. One way is to calculate the response mean value and standard deviation and to use this information to judge the probability of failure with respect to that response.
The most common simulation method is to run a Monte Carlo Simulation [10] . This is the technique used in this study. The basic idea is, for fixed nominal values of the design input variables, to generate large number of random design points according to the distributions of the probabilistic input variables. The values of the design input variables of the generated points in the set represent the variations due to uncertainty from the fixed nominal values. For each of these points the values of the responses of interest are calculated. The values of the fatigue life and warpage response in the SiP design task are calculated using the Response Surface models.
Design Optimisation with Uncertainties (Probabilistic Optimisation)
In reliability based optimisation the aim is to account for the variations of the responses that define the reliable design domain and to ensure that the deterministic optimal solution is moved from the boundary of the active constraints inside the feasible domain. Therefore, the aim is to minimise or satisfy constraints that involve system responses and related probability of failure. This reliable optimum design is called a probabilistic optimum. To define the probabilistic optimum one must specify what probability of failure will be acceptable.
To demonstrate the reliability based design optimisation strategy, the following re-formulation of the design task (4) is given:
Find values of the design variables HPCB, SOH and HDIE that thickness, i.e. the probability of SiP thickness (SOH+HDIE) becoming great than or equal to 400 microns must be no greater than 0.05. By solving this problem we can find a solution (the probabilistic optimum) which, despite the uncertainty of the input parameters, will be always 95°O reliable. This reliability is with respect to design constraints (4.1) and (4.2).
VisualDOC software package has incorporated features for probabilistic design optimisation and therefore is used once again to specify and solve the design task (5) . Note, the same optimisation techniques as applied in deterministic optimisation can be used to solve the probabilistic design task. However, there is some extra calculation efforts associated with running the Monte Carlo simulation at each of the design optimisation iterations in order to evaluate the probabilities of failure as defined in (5.1) and (5.2).
The solution of the design task (5) is reported in Table  VII . The previously found deterministic optimum is also included in the table. As evident from the above formulation, the solution of this optimisation problem will account for the variation of the input design variables (the constraints (5.3a)-(5.5b)). The constraint (5.1) states that the probability of the fatigue life being less than or equal to 2700 cycles to failure must be no greater than 0.05 (i.e. 5 probability of failure limit with respect to the life-time requirement). Similarly, the constraint (5.2) is re-formulated to represent a reliability requirement on the package The last two columns of the table compare the deterministic and probabilistic solution. It is clear that by moving the deterministic optimum from the active constraints boundary inside the feasible domain, we have compromised on the level to which our objective is minimised, the SiP warpage (from 9.341 up to 9.721 ptm).
However, what we have gained by doing this is that our probabilistic optimum is now 95 00 reliable. This compares with 50 00 reliability of the deterministic optimum. In particular, at the probabilistic optimum the cycles to failure in terms of mean value are 2741 and only 500 of the SiP structures will have life-time less than 2700 as a result of the uncertainties of the input design variables. Figure 6 shows the Monte Carlo simulation output for the life-time response at the probabilistic optimum. This run uses 3000 points to compute the lifetime response standard deviation from the mean value (2741) and to estimate the probability of failure (with respect to the 2700 cycles limit).
Note that at the probabilistic optimum the probability of failure for SiP thickness constraint (5.2) becomes 0. 
Conclusions
This paper has demonstrated a modelling framework for reliability based design optimisation. It is shown that the deterministic optimum might not be a reliable solution. It is important to bring into the design problem formulation probability of failure constraints. The advantage of such design approach is that it can deliver a more realistic design solution and provides the opportunity to account for the variations of the input design parameters.
A SiP structure has been optimised under a set of design constraints. A reliable design which satisfies a requirement for 9500 reliability with respect to the system life-time and package thickness constraints is demonstrated. The optimal solution has been found in a very efficient and automated way. The concept of exploiting reduced order models based on response surface modelling and design of experiments techniques has been also incorporated in the calculation procedure. It was shown that the usage of reduced order models is extremely critical aspect in the implementation of the design optimisation with uncertainties approach.
